Introduction
============

Neuroblastoma (NB) accounts for \~7% of childhood malignancies and 15% of cancer-related deaths in pediatric patients ([@b1-etm-0-0-8623]). Significant improvements, including targeted therapy and immunotherapy methods, have been achieved in controlling NB at the early stages; however, treatment options for patients at advanced stages are currently unavailable ([@b3-etm-0-0-8623]). Therefore, further investigations into the mechanisms underlying NB progression are essential to improve the survival of patients with NB.

MicroRNAs (miRNAs/miRs) are non-coding RNAs that regulate mRNA expression, which occurs predominantly through binding to the 3\'-untranslated region (3\'-UTR) of mRNAs ([@b4-etm-0-0-8623]). miRNAs have been reported to serve important roles in regulating various cellular processes, including cell growth, metastasis and drug resistance and were discovered to be closely associated with the development of cancer ([@b5-etm-0-0-8623]), where they have demonstrated tumor suppressive and oncogenic roles ([@b6-etm-0-0-8623]). Therefore, the identification of aberrantly expressed miRNAs that are associated with NB development is important to improve the overall NB patient survival.

miR-146b has been demonstrated to be aberrantly expressed in numerous types of human cancer, where it serves a crucial role in carcinogenesis ([@b7-etm-0-0-8623]). For example, miR-146b was overexpressed in papillary thyroid carcinoma, and functional assays revealed that miR-146b knockdown inhibited cell growth and migration ([@b7-etm-0-0-8623]). In thyroid cancer, increased expression levels of miR-146b were also found in tumor tissues, and its overexpression was able to promote cell migration and invasion through regulating PTEN, a well-known tumor suppressor ([@b8-etm-0-0-8623]). In addition, miR-146b has been reported to be regulated by circular RNA integrator complex subunit 4 in bladder cancer ([@b9-etm-0-0-8623]).

In the present study, it was hypothesized that miR-146b may also have a role in regulating NB progression. Therefore, miR-146b expression levels were investigated in NB cell lines and human umbilical vein endothelial cells (HUVECs). Moreover, the biological functions and associated mechanisms of miR-146b in regulating NB development were subsequently investigated.

Materials and methods
=====================

### Cell culture

NB cell lines, SH-SY5Y, NBL-S and SK-N-SH, and HUVECs were purchased from the American Type Culture Collection. All cells were cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.), supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 mg/ml streptomycin, and maintained in a humidified incubator at 37˚C and 5% CO~2~.

### Cell transfection

Small interfering RNA (siRNA) against NUMB (si-NUMB, 5\'-CAGCCACUGAACAAGCAGA-3\'), siRNA-negative control (si-NC, 5\'-GAAACCAAA CGACGACAGUAA-3\'), miR-146b inhibitor (5\'-AGCCUA UGGAAUUCAGUUCUCA-3\') and mi-NC (5\'-UUCUCC GAACGUGUCACGU-3\') were all purchased from Shanghai GenePharma Co., Ltd. SH-SY5Y and SK-N-SH cells (2x10^3^) were subsequently transfected with these molecules (miRNAs: 50 nmol/l, siRNAs: 20 nmol/l) using Lipofectamine^®^ 2000 reagent (Thermo Fisher Scientific, Inc.) for 48 h, according to the manufacturer\'s protocol. The same concentration of each molecule was also used for co-transfection.

### Cell proliferation assay

A Cell Counting Kit-8 (CCK-8) assay (Beyotime Institute of Biotechnology) was used to analyze the cell proliferation rate. Cells (SH-SY5Y and SK-N-SH) were incubated at 37˚C in a 96-well plate at a density of 2x10^3^ cells/well for 0, 24, 48 and 72 h; 10 µl CCK-8 reagent was added at these time points and incubated at 37˚C for a further 4 h. Cell absorbance at 450 nm was measured using a microplate reader.

### Cell invasion assay

Cell invasive ability was analyzed using a Transwell invasion assay. Briefly, a Transwell chamber with 8-µm-pore inserts was precoated with Matrigel (BD Biosciences) at room temperature for 24 h. SH-SY5Y and SK-N-SH cells at a density of 1x10^5^ cells per chamber were plated in the upper chambers of Transwell plates in serum-free DMEM. DMEM supplemented with 10% FBS was plated in the lower chambers. Following incubation at 37˚C for 48 h, the invasive cells in the lower chamber were fixed with formaldehyde at room temperature for 30 min and stained with 1% crystal violet at room temperature for 15 min. Stained cells were counted in 5 randomly selected fields using an inverted microscope (magnification, x200).

### Flow cytometric analysis of apoptosis

SH-SY5Y and SK-N-SH cells (5x10^5^) were collected and washed twice with PBS. The cells were subsequently stained with 5 µl Annexin V-FITC and 1 µl propidium iodide (Annexin V-FITC Apoptosis Detection kit; Beyotime Institute of Biotechnology) diluted in binding buffer at room temperature for 15 min in the dark following the manufacturer\'s protocol. Cells were washed twice with PBS and apoptotic cells were subsequently analyzed using a BD FACSCalibur™ flow cytometer (BD Biosciences) equipped with FACS Diva version 6.0 software (BD Biosciences) to measure both early and late apoptosis cells.

### Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted from cells using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. Total RNA was reverse transcribed into cDNA using the PrimeScript RT-PCR kit (Takara Biotechnology Co., Ltd.) at 37˚C for 15 min, 85˚C for 5 sec and 4˚C for 60 min. qPCR was subsequently performed using an ABI 7500 system (Applied Biosystems; Thermo Fisher Scientific, Inc.) and SYBR Green qPCR mix (Beyotime Institute of Biotechnology). The following primer pairs were used for qPCR: miR-146b, forward 5\'-TGACCCATCCTGGGCCTCAA-3\', reverse 5\'-CCAGTGGGCAAGATGTGGGCC-3\'; and U6, forward 5\'-CTCGCTTCGGCAGCACA-3\' and reverse 5\'-AACGCT TCACGAATTTGCGT-3\'. The following thermocycling conditions were used for qPCR: Initial denaturation at 95˚C for 3 min; followed by 40 cycles at 95˚C for 10 sec, 58˚C for 30 sec and 72˚C for 30 sec. miR-146b expression levels were quantified using the 2-^ΔΔCq^ method and normalized to U6([@b10-etm-0-0-8623]).

### Western blot analysis

Total protein was extracted from cells using RIPA lysis buffer (Beyotime Institute of Biotechnology), according to the manufacturer\'s protocol. Total protein was quantified using a bicinchoninic acid assay kit (Beyotime Institute of Biotechnology) and equal amounts of each protein (50 µg) were separated via SDS-PAGE on 12% gels. The separated proteins were subsequently transferred to PVDF membranes. The membranes were blocked with non-fat milk at 4˚C for 2 h and then incubated with the following primary antibodies at 4˚C overnight: Anti-NUMB (1:5,000; cat. no ab234108; Abcam) and anti-GAPDH (1:5,000; cat. no. ab181602; Abcam). Following the primary antibody incubation, the membranes were incubated with a horseradish peroxidase-conjugated anti-rabbit secondary antibody (1:1,000; cat. no. ab6721; Abcam) at room temperature for 4 h. Protein bands were visualized using a BeyoECL kit (Beyotime Institute of Biotechnology).

### Dual-luciferase reporter assay

Targets for miR-146b were identified using the TargetScan version 7.2 database (<http://www.targetscan.org/vert_72/>). The wild-type (WT, 5\'-...AGUUCUC...-3\') or mutant (MUT, 5\'-...UCA AGAG...-3\') 3\'-UTR of NUMB synthesized by GenScript containing the miR-146b-binding site were cloned into a psiCHECK-2 plasmid (Promega Corporation) to synthesize psiCHECK-2-WT-NUMB-3\'-UTR or psiCHECK-2-MUT-NUMB\'-3\'UTR. SH-SY5Y and SK-N-SH cells (2x10^3^) were co-transfected with 200 ng psiCHECK-2-WT-NUMB-3\'-UTR or psiCHECK-2-MUT-NUMB\'-3\'UTR and 100 nmol miR-146b inhibitor or mi-NC using Lipofectamine^®^ 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.). After transfection at 37˚C for 48 h, the relative luciferase activity was measured using a Dual-Luciferase Reporter assay system (Promega Corporation) with Renilla luciferase activity as an internal control, according to the manufacturer\'s protocol.

### Statistical analysis

Statistical analysis was performed using GraphPad Prism 7 software (GraphPad Software, Inc.) and data collected from at least three independent experiments are presented as the mean ± SD. Statistical differences amongst multiple groups were analyzed using one-way ANOVA and Tukey\'s post-hoc test for multiple comparisons, whereas statistical differences between two groups were analyzed using paired Student\'s t-test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### miR-146b expression levels are increased in NB cell lines

miR-146b expression levels in NB cell lines and HUVECs were analyzed and it was discovered that miR-146b expression levels were significantly increased in NB cell lines compared with HUVECs ([Fig. 1](#f1-etm-0-0-8623){ref-type="fig"}). The cells with the highest (SK-N-SH) and lowest (SH-SH5Y) expression levels of miR-146b were selected for subsequent functional analysis.

### Knockdown of miR-146b inhibits proliferation and invasion but promotes apoptosis of NB cells

To investigate the effects of miR-146b on NB cell behavior, cells were transfected with a miR-146b inhibitor or mi-NC. RT-qPCR was performed to confirm the transfection efficiency; the results revealed that miR-146b expression was significantly decreased in the miR-146b inhibitor group compared with the mi-NC group ([Fig. 2A](#f2-etm-0-0-8623){ref-type="fig"}). The CCK-8 assay demonstrated that miR-146b knockdown significantly inhibited cell proliferation compared with mi-NC ([Fig. 2B](#f2-etm-0-0-8623){ref-type="fig"}). The results of the Transwell invasion assay were similar to those of the CCK-8 assay; the number of invasive cells in the miR-146b inhibitor group was significantly decreased compared with the mi-NC group ([Fig. 2C](#f2-etm-0-0-8623){ref-type="fig"}). In addition, knockdown of miR-146b was observed to significantly increase the apoptotic rate in NB cell lines compared with the mi-NC group ([Fig. 2D](#f2-etm-0-0-8623){ref-type="fig"}).

### NUMB is a direct target of miR-146b

NUMB was predicted as a target gene of miR-146b using the TargetScan database ([Fig. 3A](#f3-etm-0-0-8623){ref-type="fig"}). Furthermore, the dual-luciferase reporter assay demonstrated that the relative luciferase activity was significantly increased following co-transfection of cells with psiCHECK-2-WT-NUMB-3\'-UTR and the miR-146b inhibitor compared with cells co-transfected with psiCHECK-2-WT-NUMB-3\'-UTR and mi-NC ([Fig. 3B](#f3-etm-0-0-8623){ref-type="fig"}). Western blotting revealed that NUMB expression levels were increased by the miR-146b inhibitor compared with cells transfected with mi-NC ([Fig. 3C](#f3-etm-0-0-8623){ref-type="fig"}).

### Knockdown of NUMB reduces the inhibitory effects of the miR-146b inhibitor on NB cells

To confirm NUMB was the functional target of miR-146b, si-NUMB and the miR-146b inhibitor were co-transfected into NB cells. Western blotting revealed that si-NUMB transfection significantly decreased the levels of NUMB compared with si-NC ([Fig. 4A](#f4-etm-0-0-8623){ref-type="fig"}). Moreover, NUMB expression levels were decreased in the si-NUMB + miR-146b inhibitor group compared with the si-NC + miR-146b inhibitor group in SH-SY5Y cells ([Fig. 4A](#f4-etm-0-0-8623){ref-type="fig"}). Knockdown of NUMB also significantly increased NB cell proliferation and invasion, but significantly decreased the apoptotic rate compared with the si-NC group ([Fig. 4B-D](#f4-etm-0-0-8623){ref-type="fig"}). Notably, the knockdown of NUMB partially reversed the effects of the miR-146b inhibitor on NB cell behavior ([Fig. 4B-D](#f4-etm-0-0-8623){ref-type="fig"}).

Discussion
==========

Accumulating evidence has indicated that miRNAs may serve as molecular biomarkers for cancer diagnosis and therapy. For example, in a previous study, miR-144-3p expression levels were reported to be downregulated in NB cell lines, which subsequently suppressed NB cell proliferation, cell cycle progression and migration through regulating homeobox protein A7([@b11-etm-0-0-8623]). Similarly, another previous study discovered that miR-34a expression levels were reduced in NB tissues and cell lines ([@b12-etm-0-0-8623]), and miR-34a overexpression was found to inhibit cell metastasis and autophagy, but promote apoptosis through targeting autophagy-related gene 5([@b12-etm-0-0-8623]). In addition, miR-129 expression levels were decreased, whereas myosin X expression levels were increased in NB tissues, and this axis was found to regulate NB cell growth and chemosensitivity ([@b13-etm-0-0-8623]).

The present study, to the best of our knowledge, provided novel evidence regarding the expression levels and biological roles of miR-146b in NB. The results revealed that miR-146b expression levels were increased in NB cells compared with HUVECs. The knockdown of miR-146b subsequently inhibited NB cell proliferation and invasion, and promoted cell apoptosis, indicating a potential oncogenic role for miR-146b.

Potential targets for miR-146b were predicted using the TargetScan database and a dual-luciferase reporter assay discovered that miR-146b was able to bind to the 3\'-UTR of NUMB. In addition, NUMB expression levels were increased post-transfection with the miR-146b inhibitor. These results suggested that NUMB may be a direct target gene of miR-146b in NB. NUMB is an endocytic adaptor protein that is localized in the basement layer of polarized epithelial cells ([@b14-etm-0-0-8623]). In previous studies, NUMB has been found to serve crucial roles in human cancer ([@b15-etm-0-0-8623]); for example, NUMB expression levels were decreased in ovarian cancer, which regulated cancer cell proliferation, invasion and epithelial-mesenchymal transition through regulating the p21 (RAC1) activated kinase 1/β-catenin signaling pathway ([@b15-etm-0-0-8623]). NUMB expression levels were also decreased in tongue cancer and its overexpression inhibited cell proliferation, migration and invasion via regulating Notch1 signaling ([@b16-etm-0-0-8623]). In nasopharyngeal carcinoma, the Notch signaling pathway was regulated by NUMB, which promoted cancer cell survival, migration and invasion, in addition to inhibiting colony formation and apoptosis ([@b17-etm-0-0-8623]). Moreover, NUMB expression has been reported to be regulated by miR-146a in oral carcinoma ([@b18-etm-0-0-8623]). In the present study, it was revealed that knockdown of NUMB partially reversed the effects of the miR-146b inhibitor on NB cells, suggesting that the miR-146b and NUMB axis may be involved in NB.

In conclusion, the present study provided evidence that miR-146b was overexpressed in NB cell lines and the results suggested that NUMB may be responsible for the oncogenic role of miR-146b in NB. Thus, these findings may provide the means to develop a novel miR-146b-based therapeutic strategy for NB treatment; however, this research was limited by the lack of *in vivo* experiments required to validate the scientific hypothesis and conclusions. In the future, a mouse model should be employed to investigate the involvement of miR-146b and the NUMB axis in regulating tumor growth *in vivo*. However, the limitation of the present study was that only SH-SY5Y and SK-N-SH NC cells were used to investigate the roles of miR-146b in NB malignancies. The common characteristics of SH-SY5Y and SK-N-SH cells include a non-amplified MYCN status and WT p53. Thus, MYCN-amplified cells and those with a p53 non-functional status, in addition to drug-resistant NB cell lines, should be used in the future to further establish the significance of miR-146b and NUMB in NB.
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![Expression levels of miR-146b in NB cell lines and HUVECs were analyzed using reverse transcription-quantitative PCR. ^\*\*\*^P\<0.001 vs. HUVEC. NB, neuroblastoma; HUVECs, human umbilical vein endothelial cells; miR, microRNA.](etm-19-06-3531-g00){#f1-etm-0-0-8623}

![Knockdown of miR-146b inhibits NB proliferation and invasion, but promotes apoptosis. (A) miR-146b expression levels were investigated in miR-146b inhibitor-transfected NB cells using reverse transcription-quantitative PCR. (B) Cell proliferation was analyzed in miR-146b inhibitor-transfected NB cells using a Cell Counting Kit-8 assay. (C) Cell invasion was analyzed in miR-146b inhibitor-transfected NB cells using a Transwell invasion assay. Scale bars, 20 µm. (D) Flow cytometric analysis of apoptosis in miR-146b inhibitor-transfected NB cells. ^\*\*\*^P\<0.001, ^\*\*^P\<0.01 vs. mi-NC miR, microRNA; NB, neuroblastoma; NC, negative control; OD, optical density.](etm-19-06-3531-g01){#f2-etm-0-0-8623}

![miR-146b directly targets NUMB and negatively regulates its expression levels. (A) Predicted miR-146b target sequences in the NUMB 3\'-UTR using the TargetScan database. (B) Dual-luciferase reporter assays were used to assess the relative luciferase activity in cells co-transfected with psiCHECK-2-WT-NUMB-3\'-UTR or psiCHECK-2-MUT-NUMB-3'-UTR and mi-NC or miR-146b inhibitor. (C) Expression levels of NUMB in cells transfected with the miR-146b inhibitor or mi-NC. ^\*\*^P\<0.01 vs. mi-NC. miR, microRNA; MUT, mutant; NC, negative control; UTR, untranslated region; WT, wild-type.](etm-19-06-3531-g02){#f3-etm-0-0-8623}

![Knockdown of NUMB reverses the effects of miR-146b on NB cells. (A) NUMB expression levels were investigated using western blotting in NB cells transfected with si-NUMB or si-NC with or without miR-146 inhibitor co-transfection. (B) Cell proliferation was analyzed using a Cell Counting Kit-8 assay in NB cells transfected with si-NUMB or si-NC with or without miR-146 inhibitor co-transfection. (C) Cell invasion was determined using a Transwell invasion assay in NB cells transfected with si-NUMB or si-NC with or without miR-146 inhibitor co-transfection. Scale bars, 20 µm. (D) Flow cytometric analysis of apoptosis in NB cells transfected with si-NUMB or si-NC with or without miR-146 inhibitor co-transfection. ^\*\*\*^P\< 0.001, ^\*\*^P\< 0.01 vs. si-NC; ^\#\#^P\<0.01, ^\#^P\<0.05 vs. si-NUMB + miR-146b inhibitor miR, microRNA; NB, neuroblastoma; NC, negative control; OD, optical density; si, small interfering RNA.](etm-19-06-3531-g03){#f4-etm-0-0-8623}
